We sought to delineate the molecular regulatory events involved in the energy substrate preference switch from fatty acids to glucose during cardiac hypertrophic growth. a 1adrenergic agonist-induced hypertrophy of cardiac myocytes in culture resulted in a significant decrease in palmitate oxidation rates and a reduction in the expression of the gene encoding muscle carnitine palmitoyltransferase I (M-CPT I), an enzyme involved in mitochondrial fatty acid uptake. Cardiac myocyte transfection studies demonstrated that M-CPT I promoter activity is repressed during cardiac myocyte hypertrophic growth, an effect that mapped to a peroxisome proliferator-activated receptor-a (PPARa) response element. Ventricular pressure overload studies in mice, together with PPARa overexpression studies in cardiac myocytes, demonstrated that, during hypertrophic growth, cardiac PPARa gene expression falls and its activity is altered at the posttranscriptional level via the extracellular signal-regulated kinase mitogen-activated protein kinase pathway. Hypertrophied myocytes exhibited reduced capacity for cellular lipid homeostasis, as evidenced by intracellular fat accumulation in response to oleate loading. These results indicate that during cardiac hypertrophic growth, PPARa is deactivated at several levels, leading to diminished capacity for myocardial lipid and energy homeostasis.
Introduction
Myocardial energy substrate preference is tightly controlled in mammalian organisms during development and in response to diverse dietary, physiologic, and pathophysiologic conditions (1, 2) . During the fetal period, glucose and lactate serve as the chief myocardial energy substrates. After birth and during the postnatal period, myocardial energy is derived increasingly from reducing equivalents generated by mitochondrial β-oxidation of long-chain fatty acids (3) . In the normal adult heart, mitochondrial fatty acid oxidation (FAO) accounts for the majority of ATP production (1) . The importance of the FAO pathway as a source of energy in the postnatal human heart is underscored by the severe clinical manifestations of genetic defects in mitochondrial FAO enzymes, including childhood cardiomyopathy and sudden death, presumably due to the accumulation of myocardial long-chain fatty acid intermediates coupled with depletion of energy stores (4) .
The results of studies performed in cell culture and in vivo have established a critical role for members of the nuclear receptor superfamily in the transcriptional control of genes encoding cardiac FAO enzymes (5) (6) (7) .
Peroxisome proliferator-activated receptor-α (PPARα), a lipid-activated nuclear receptor (8) , has been shown to regulate basal and fatty acid-induced transcription of FAO enzyme genes, including medium-chain acyl-CoA dehydrogenase (5) and muscle carnitine palmitoyltransferase I (M-CPT I or CPT Iβ) (9, 10) . PPARα binds to target DNA elements as a heterodimeric partner with the retinoid X receptor, and is activated by a variety of ligands, including long-chain fatty acids (11) . The expression of mitochondrial and peroxisomal FAO enzymes are reduced in postnatal liver and heart of PPARα-null (PPARα -/-) mice (12, 13) . Moreover, PPARα -/mice accumulate myocardial lipid in the context of conditions known to increase FAO rates, such as fasting, indicating that PPARα plays a critical role in the maintenance of cardiac energy and lipid homeostasis by its regulatory influence on cellular fatty acid utilization pathways (14, 15) .
During the development of pressure overloadinduced ventricular hypertrophy, myocardial FAO rates decrease and glucose utilization increases, a reversion to the fetal pattern of energy substrate utilization (16) (17) (18) . The expression of mitochondrial
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FAO cycle enzymes is downregulated in parallel with fatty acid utilization rates in the rodent and human hypertrophied and failing heart (19, 20) . Recently, we showed that nuclear levels of PPARα fall during the development of pressure overload-induced ventricular hypertrophy in mice (20) . These results have suggested that reduced activity of PPARα may be responsible for the downregulated expression of cardiac FAO enzyme genes in the hypertrophied heart.
The objective of this study was to delineate the gene regulatory pathway and upstream signaling events responsible for altered capacity for FAO during cardiac hypertrophic growth. We demonstrate that during hypertrophic growth of cardiac myocytes in culture, palmitate oxidation rates are reduced, and the basal and fatty acid-stimulated expression of the M-CPT I gene is repressed, a response that is linked to reduced activity of PPARα. Our results indicate that during hypertrophic growth, PPARα activity is reduced at the level of gene expression as well as by rapid posttranslational effects involving phosphorylation by the extracellular signal-regulated kinase mitogen-activated protein kinase (ERK-MAPK) pathway. Lastly, the myocyte lipid homeostatic response was shown to be defective in the hypertrophied myocyte, consistent with altered PPARα function. We propose that although this molecular regulatory response may be adaptive early in the hypertrophic process, it could lead to myocardial lipid imbalance, causing a predisposition for pathologic remodeling processes such as contractile dysfunction or sudden death, as occurs in humans with inborn errors in FAO enzymes.
Methods
Primary rat neonatal cardiac myocyte culture. Cardiac myocytes were prepared as described (7, 9) . In brief, 1day-old Sprague-Dawley rats were euthanized by CO 2 inhalation. The right and left ventricles were removed and then digested in 0.2% collagenase (Wako Chemicals USA Inc., Richmond, Virginia, USA). The cells were pooled in DMEM (Sigma Chemical Co., St. Louis, Missouri, USA) containing 10% horse serum and 5% FCS (GIBCO BRL, Gaithersburg, Maryland, USA), and then subjected to differential plating for 1 hour to enrich the myocyte fraction. Nonadherent cells (enriched myocyte fraction) were plated to 50% confluence in dishes that had been pretreated with collagen (Sigma Chemical Co.). After 24 hours, the cell medium was switched to serum-free DMEM containing 0.10 mM 5-bromo-2deoxyuridine, 10 µg/mL insulin, 10 µg/mL transferrin, and 1 mg/mL fatty acid-free BSA (Sigma Chemical Co.). Myocyte hypertrophy was induced by the addition of phenylephrine (PE; Sigma Chemical Co.) to the serumfree medium, to a final concentration of 100 µM. Oleate complexed to BSA (molar ratio 4:1) was added to the serum-free medium to the final concentration listed in Results. In some experiments, eicosatetraynoic acid (ETYA; Biomol Research Laboratories, Plymouth Meeting, Pennsylvania, USA) was added to serum-free medi-um to a final concentration of 10 µM. The timing and duration of exposure to oleate, PE, and ETYA is described under Results and in the figure legends. The MAPK pathway inhibitors PD98059 (50 µM) and SB202190 (20 µM) (Calbiochem-Novabiochem Corp., San Diego, California, USA) were added upon switching to serum-free medium in a subset of experiments as described in Results. Neutral lipid within cardiac myocytes was detected by oil red O staining of fixed cells on gelatin-coated cover slips as described (14) .
Palmitate oxidation studies. Measurements of cellular palmitate oxidation rates were performed as described previously (5) . In brief, cardiac myocytes were prepared as above and then plated in approximately equivalent numbers in T25 flasks. PE or vehicle control (water) exposure began at the switch to serum-free medium. Forty-eight hours later, the cells were given fresh PE-or vehicle-containing medium containing [1-14 C]palmitate (American Radiolabeled Chemicals Inc., St. Louis, Missouri, USA), and #1 Whatman filter paper was suspended within each flask. The flasks were sealed, and 24 hours later the cells were lysed with 6 N hydrochloric acid. The 14 CO 2 collected overnight on the Whatman paper was liberated by alkalization with 2 N sodium hydroxide, and was quantified by scintillation counting.
Plasmid constructs. The M-CPT I promoter-luciferase gene reporter plasmids MCPT.Luc.781 and MCPT.Luc.781m1, and the TK promoter-luciferase reporter plasmid (FARE-1) 2 TKLuc have been described (9) . (ACO) 3 TKLuc was generated by cloning tandem copies of the PPARα response element identified in the rat acyl-CoA oxidase promoter (21) into the BamHI site of the TKLuc backbone vector. (UAS) 3 TKLuc and the PPARα expression plasmid (pCDM.PPAR) have been described (6, 22) . The PPAR-Gal4DBD fusion expression vector was created by subcloning a cDNA encoding mouse PPARα into pCMXGal4 (a gift from David D. Moore, Baylor College of Medicine, Houston, Texas, USA).
Cardiac myocyte transfection. Transient transfection of rat neonatal cardiac myocytes was performed as described using a modified calcium phosphate coprecipitation method (7, 9) . Using green fluorescent protein as a marker, we have shown that this approach results in gene transfer in 5-10% of the cultured myocytes (data not shown). For each transfection, 4 µg of reporter plasmid was cotransfected with either 500 ng of SV40-β-Gal (a plasmid containing a β-galactosidase gene downstream of the simian virus promoter), or 100 ng of RSV β-Gal (the β-galactosidase gene downstream of the Rous sarcoma virus promoter), to control for transfection efficiency. Cotransfection experiments were performed with 0.125-1.0 µg of pCDM.PPAR; an appropriate amount of vector backbone was added to normalize the total amount of plasmid DNA per well. Luciferase activities were determined by the standard luciferin-ATP assay (PharMingen, San Diego, California, USA), and β-galactosidase activity was measured by the Galacto-Light chemiluminescence assay (Tropix, Bedford, Massachusetts, USA) in a Monolight 2010 luminometer from Analytical Luminescence Laboratory (San Diego, California, USA).
In vitro kinase assays. Bacterial expression constructs for mouse PPARα-GST fusion proteins containing an NH 2 -FLAG epitope were created in pGEX-4T-1 (Amersham Pharmacia Biotech Inc., Piscataway, New Jersey, USA). Site-directed mutagenesis was performed using the QuickChange kit (Stratagene, La Jolla, California, USA). Recombinant wild-type and mutant proteins were produced in the BL21 bacterial strain as described (6) . Partially purified proteins were incubated with activated ERK2 (Stratagene) and [γ-32 P]ATP for 30 minutes at 30°C. Labeled proteins were resolved on SDS-PAGE, transferred to nitrocellulose, and visualized by autoradiography. Western blot analysis of the same membranes was performed with an anti-FLAG M2 antibody (Sigma Chemical Co.) to control for loading differences.
RNA blot analysis. Northern blot studies were performed as described (9) . Total RNA was isolated from rat neonatal cardiac myocytes in cell culture or from the left ventricles of mice subjected to sham operation or transverse aortic constriction (TAC). The probes were derived from cDNAs encoding rat M-CPT I (9), a human β-actin (9), murine very-long-chain acyl-CoA dehydrogenase (23), murine medium chain acyl-CoA dehydrogenase (MCAD) (7) , murine PPARα (20), rat acyl-CoA oxidase (ACO) (14) , and rat atrial natriuretic factor (20) . Band intensities were quantified by phosphorimaging using a GS 525 Molecular Imager System (Bio-Rad Laboratories, Hercules, California, USA).
Animal studies. The protocol for the surgical placement of a ligature to produce constriction of the transverse aorta in mice has been described (20, 24) . Adult C57BL/6 × SJL/J mice (aged 3-4 months) were used for the transverse aortic constriction TAC experiments shown in Figure 5 . All animal experiments and euthanasia protocols were conducted in strict accordance with the National Institutes of Health guidelines for humane treatment of laboratory animals. All animal experiment protocols were reviewed and approved by the Animal Care Committee of Washington University.
Statistical analysis. All data are presented as mean ± SEM. Differences between mean values obtained for palmitate oxidation studies, Northern blot studies, and transfection experiments were determined by an unpaired Student's t test or one-factor ANOVA coupled to the Scheffe test. P < 0.05 was considered significant.
Results

Palmitate oxidation rates and the expression of the M-CPT I gene decrease during α 1 -adrenergic agonist-induced hypertrophy of rat neonatal cardiac myocytes.
To determine whether hypertrophic growth of cardiac myocytes in culture is associated with a reduced capacity for FAO, we determined the rate of oxidative conversion of [1-14 C]palmitate to 14 CO 2 in primary cultures of rat neonatal cardiac myocytes after exposure to the α 1adrenergic agonist, PE. For these experiments, myocytes were exposed to PE or vehicle for 48 hours in serum-free media (see Methods) before the addition of [1-14 C]palmitate. Induction of myocyte hypertrophy by PE was confirmed by an increase in cell size and in atrial natriuretic factor mRNA levels (data not shown). Mean palmitate oxidation rates were 42% lower in PE-treated cells than in control cells (P < 0.001; Figure 1 ) indicating that, as in the intact heart, FAO rates are reduced in the hypertrophied myocyte in culture. These results also demonstrate that alterations in myocyte lipid utilization occur rapidly after exposure to a stimulus for hypertrophic growth.
To characterize the gene regulatory events associated with the reduction of FAO rates during cardiac myocyte hypertrophy, we focused on M-CPT I, an enzyme that catalyzes the rate-limiting step in the mitochondrial import of long-chain fatty acids before entering the βoxidation cycle. CPT I activity has been shown to be a major determinant of mitochondrial FAO flux (25) . We and others have demonstrated that M-CPT I expression is controlled at the level of gene transcription by longchain fatty acids (9, 10, 26) . Basal and oleate-induced M-CPT I mRNA levels were determined by RNA blot analysis. This was performed with total RNA isolated from myocytes exposed to vehicle, oleate, PE, or oleate plus PE. M-CPT I mRNA levels were 55-65% lower in myocytes exposed to PE than in vehicle-treated control cells (P < 0.05; Figure 2 ). As expected, exposure to oleate induced M-CPT I gene expression approximately sevenfold compared with vehicle-treated controls ( Figure 2 ). The oleate-stimulated induction of M-CPT I gene expression was blunted by more than 50% after exposure to PE (P < 0.05; Figure 2 ). Thus, basal and fatty acid-induced M-CPT I gene expression is significantly repressed in the hypertrophied myocyte.
PPARα-mediated activation of M-CPT I gene expression is repressed in the hypertrophied cardiac myocyte. Activation of M-CPT I gene expression by oleate occurs at the transcriptional level via the action of the lipid-activated that occurred in the presence of 250 µM oleate compared with 50 µM oleate (Figure 3a) . In contrast, a construct containing a substitution mutation in the FARE-1 element known to abolish PPAR binding and oleate-mediated activation (MCPT.Luc.781.M1) (9) was not repressed by PE (Figure 3a) .
To determine whether FARE-1 was sufficient to confer the hypertrophy-mediated repression of the M-CPT I gene reporter construct, and to further investigate the direct involvement of the PPARα regulatory pathway in this response, myocyte cotransfection experiments were repeated using a luciferase reporter construct containing two copies of FARE-1 upstream of a heterologous promoter driving the luciferase gene [(FARE1) 2 TKLuc]. For these experiments, cardiac myocytes were cotransfected with pCDM.PPAR (or the expression vector backbone alone), as the amount of endogenous PPARα in neonatal cardiac myocytes in culture is limiting with regard to activation of this PPARα target reporter plasmid (9) . Activity of (FARE1) 2 TKLuc was induced approximately fourfold in the presence of overexpressed PPARα and its exogenously added activator, oleate. Exposure to PE reduced the level of PPARα/oleatemediated activation of (FARE1) 2 TKLuc by approximately 40% (P < 0.05; Figure 3b ).
To determine whether the antagonistic effect of PEinduced myocyte hypertrophy on PPARα-mediated activation of the M-CPT I gene could be generalized to other PPARα response elements, the transfection experiments were repeated using (ACO) 3 TKLuc, a luciferase reporter construct containing three copies of a PPARα response element derived from the peroxisomal ACO gene. For these latter experiments, the PPARα ligand, ETYA, was used to determine whether the hypertrophy effect generalized to PPARα ligands in addition to oleate. As expected, (ACO) 3 TKLuc activity was activated by PPARα + ETYA (increasing nearly tenfold). As with the FARE-1-containing reporter, the PPARα-mediated activation of (ACO) 3 TKLuc was significantly blunted by exposure to PE (Figure 3b ). Collectively, these data indicate that during hypertrophic growth of the cardiac myocyte, the activity of PPARα is diminished.
A role for ERK-MAPK in the deactivation of the PPARα regulatory pathway during cardiac myocyte hypertrophic growth. We sought to identify the upstream signaling pathway involved in the downregulation of M-CPT I gene transcription during α 1 -adrenergic agonist-induced myocyte hypertrophy. MAPK pathways are known to be activated during myocyte hypertrophic growth (27) . To explore the possibility that one of the MAPK pathways serves as a link between G protein-coupled receptor activation and reduced activity of PPARα during PEinduced myocyte hypertrophy, transfection experiments were repeated with MCPT.Luc.781 in the presence or absence of MAPK pathway-selective inhibitors. An inhibitor of the p38-MAPK pathway (SB202190) had no effect on the repressive effects of PE on MCPT.Luc.781 (data not shown). In contrast, PD98059, a known inhibitor of the ERK-MAPK pathway, prevented the PE-mediated repression of MCPT.Luc.781 and resulted in an approximately 2.5-fold activation of the reporter above basal levels (Figure 4a ).
To determine whether PPARα is phosphorylated by ERK, in vitro kinase experiments were performed with PPARα protein produced in a bacterial expression system. Activated ERK2 phosphorylated PPARα, as demonstrated by SDS-PAGE autoradiography ( Figure  4b) . Examination of the mouse PPARα amino acid sequence revealed a series of potential MAPK phosphorylation sites (consensus PxS/TP) located in the NH 2 -terminal AB domain between amino acids 4 and 80 (Figure 4b ). To confirm that these sequences serve as MAPK phosphorylation sites, the kinase experiments were repeated with mutant PPARα proteins containing a serine-to-alanine substitution, either in three (S6-21A) or in all six (S6-77A) of the putative sites. . Center: Gel autoradiograph containing samples from the in vitro phosphorylation studies performed with activated ERK2 and bacterially expressed, FLAG epitope-tagged, wild-type (WT) PPARα or mutant PPARα proteins containing serine-to-alanine mutations, either at amino acids 6, 12, and 21 (S6-21A), or at amino acids 6, 12, 21, 73, 76, and 77 (S6-77A). Bottom: Western blot analysis of the phosphoprotein samples using anti-FLAG antisera (to control for loading).
ERK-mediated phosphorylation was significantly reduced with the S6-21A mutant and was abolished with the S6-77A mutant, compared with the wild-type protein (Figure 4b) . These results confirm that PPARα contains ERK phosphorylation recognition sites.
PPARα gene expression is downregulated in vivo in response to ventricular pressure overload. The results shown above indicate that the activity of PPARα is altered at the posttranslational level during myocyte hypertrophy. However, we have shown previously that the nuclear levels of PPARα fall in the hypertrophied heart (20) , suggesting that its expression is also reduced in the hypertrophied myocyte. To explore this possibility and to establish an in vivo correlate of the myocyte hypertrophy experiments described above, PPARα gene expression was evaluated in an established in vivo murine pressure-overload model. For these experiments, TAC was achieved by surgical placement of a ligature (20, 24) . Northern blot analysis was performed with total RNA isolated from the left ventricles of mice 7 days after TAC or sham operation. We have shown previously that the ratio of left ventricle to body weight increases significantly within 7 days of the TAC procedure (24) . Expression of the gene encoding atrial natriuretic factor, a known marker of ventricular hypertrophy, was higher in the pressure-overloaded ventricles than in control ventricles ( Figure 5 ). As expected, the expression of several PPARα target genes encoding the mitochondrial FAO enzymes M-CPT I and MCAD was downregulated in the pressure-overloaded ventricles ( Figure 5 ). The left ventricle expression of the PPARα target gene encoding ACO, a peroxisomal FAO enzyme, was also modestly reduced in the TAC group compared with the sham-operated group ( Figure 5 ). Importantly, mean PPARα mRNA levels were 39% lower in the pressure-overloaded left ventricle of the banded mice than in sham-operated control mice (P < 0.05; representative autoradiograph shown in Figure 5 ). These results demonstrate that in addition to posttranslational deactivation of the PPARα regulatory pathway, the expression of the PPARα gene is downregulated during pressure overload-induced hypertrophy.
Altered lipid homeostasis in the hypertrophied cardiac myocyte. Previous studies have shown that PPARα-null mice have a reduced capacity for myocardial and hepatic lipid homeostasis in conditions where cellular lipid import exceeds utilization capacity. Fasting (15) or pharmacologic inhibition of mitochondrial FAO flux (14) results in a dramatic phenotype in PPARα -/mice, characterized by accumulation of triglyceride-containing lipid droplets in cardiac myocytes and hepatocytes.
To determine whether a similar defect in cellular lipid homeostatic capacity occurs in hypertrophied myocytes in culture due to reduced activity of PPARα, fatty acid loading experiments were performed. Cardiac myocytes were exposed to a medium containing 500 µM oleate in the presence or absence of PE. As demonstrated by phase-contrast microscopy (Figure 6 ), the hypertrophied, oleate-treated myocytes contained numerous cytoplasmic droplets compared with control, oleatetreated cells that exhibited minimal lipid droplet accumulation in the absence of PE-induced hypertrophy (Figure 6 , top). Oil red O staining of the oleate-loaded, PE-treated cardiac myocytes confirmed that the intracellular droplets contained neutral lipid ( Figure 6 , bottom). These results provide a histologic correlate of the [1-14 C]palmitate oxidation studies shown in Figure 1 , and demonstrate that the hypertrophied cardiac myocyte exhibits reduced capacity to catabolize longchain fatty acids, consistent with a defect in the PPARα regulatory pathway.
Discussion
The expression of genes encoding mitochondrial FAO cycle enzymes is downregulated in parallel with the reprogramming of cardiac energy metabolism during the development of cardiac hypertrophy (19, 20) . In this study, we sought to define the regulatory pathway involved in this response, and to characterize the lipid metabolic alterations that occur in the hypertrophied cardiac myocyte. Our results demonstrate that the nuclear receptor PPARα is deactivated at pre-and posttranslational levels during cardiac hypertrophic growth, leading to a reduction in the capacity for FAO and cellular lipid homeostasis.
Our data indicate that the PPARα-mediated control of M-CPT I gene expression is altered at several levels during hypertrophic growth of the cardiac myocyte. Northern blotting studies revealed that PPARα gene expression is reduced within 7 days of left ventricular 1728
The pressure overload. In addition, α 1 -adrenergic agonist-induced myocyte hypertrophy was associated with a rapid reduction in PPARα activity in a system in which recombinant PPARα was overexpressed, implicating posttranslational regulatory mechanisms. Examination of the putative upstream signaling events involved in the posttranslational reduction in PPARα activity during myocyte hypertrophy identified a role for the ERK-MAPK pathway. Our results are consistent with a previous study demonstrating phosphorylation of PPARα by ERK in hepatoma cells in culture (28) . The ERK-MAPK pathway has also been shown to phosphorylate and inhibit PPARγ activity in noncardiac cell lines (29) . Possible mechanisms for the decrease in PPARα activity in response to phosphorylation by ERK include effects on ligand binding, nuclear localization, or interaction with transcriptional coactivators or corepressors. It is possible that during the early stages of hypertrophic growth, PPARα activity is reduced through posttranslational mechanisms, including ERK-mediated phosphorylation of PPARα, followed by long-term effects on PPARα gene expression.
The results of previous studies have demonstrated that during cardiac hypertrophic growth, a number of protein kinase cascades are activated, including the ERK-, JNK-, and p38-MAPKs (27) . The role of ERK-MAPK activation in the cardiac hypertrophy program is controversial. Overexpression of constitutively active Ras, an upstream activator of the ERK-MAPK pathway, induces changes in gene expression and cellular morphology typical of the hypertrophy phenotype in cultured myocytes (30) . Ras activity was shown to be required for α 1 -adrenergic agonist-induced hypertrophy, as demonstrated by dominant-negative Ras experiments (31) . Constitutively active MEK, the kinase that activates ERK, has also been shown to lead to typical hypertrophic changes in gene expression (32) . However, other signal transduction circuits have also been implicated as components of the cardiac hypertrophy regulatory program, including p38-MAPK (33), JNK-MAPK (34) , and the calcineurin-NFAT (35) pathway. Accordingly, the collective results of previous studies indicate that multiple signaling pathways are activated during cardiac hypertrophic growth. An unanswered question is whether specific signal transduction pathways activate distinct target genes. Our results suggest that the ERK limb of the MAPK pathway regulates metabolic gene targets during cardiac hypertrophic growth. Specifically, our results from experiments with the MEK inhibitor PD98059 indicate that during α 1adrenergic agonist-induced myocyte growth, activated ERK phosphorylates PPARα, leading to downregulated expression of FAO enzyme genes, an effect not observed with inhibition of the p38-MAPK pathway (data not shown).
Pressure overload-induced cardiac hypertrophy is associated with reduced myocardial FAO rates. This metabolic response is probably initially adaptive from an oxygen consumption standpoint, given that ATP production via FAO requires greater oxygen utilization per mole of substrate than does glucose oxidation. However, given the pivotal role played by PPARα in the maintenance of cellular lipid and energy balance, the metabolic regulatory response described here would be predicted to become maladaptive in vivo for several reasons. First, energy reserves may become limited given that the amount of ATP produced per mole of energy substrate is greater for fatty acids than for glucose. Second, as PPARα activity falls, leading to reduced expression of key enzymes involved in cellular mitochondrial and peroxisomal FAO, the capacity for maintenance of cellular lipid homeostasis becomes limited. This prediction is supported by the results shown here demonstrating marked intracellular lipid accumulation in response to oleate loading in hypertrophied cardiac myocytes. The pivotal role played by PPARα in the maintenance of cellular lipid homeostasis is further underscored by the observation that PPARα-null mice develop massive myocyte lipid accumulation in response to stressors known to increase myocardial intracellular lipid (14, 15) . Third, reduced mitochondrial FAO enzyme expression could lead to the accumulation of long-chain fatty acid intermediates, such as acylcarnitines, which have been implicated in the genesis of ventricular rhythm disorders during myocardial ischemia (36) and in patients with cardiomyopathy due to inborn errors of FAO (37) . Taken together, these results suggest the intriguing possibility that reduced capacity to maintain lipid and energy homeostasis in the hypertrophied myocyte leads to contractile dysfunction or cardiac rhythm disturbances, two signatures of pathologic remodeling of the hypertrophied heart.
Figure 6
Neutral lipid accumulates in hypertrophied cardiac myocytes. (a) Phase-contrast photomicrographs (×320) of cardiac myocytes incubated for 90 hours in serum-free medium containing 500 µM oleate and either PE (100 µM) or vehicle control. (b) Myocytes incubated in 500 µM oleate and stained with oil red O after exposure to PE (×400).
